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We analyze the peculiarities induced by the torsional motion on the Raman spectra of the degenerate
vibrational bands of ethane. Selection rules for the Raman transitions between the torsionally split
energy levels are derived first in terms of symmetry arguments. Then, their associated intensities are
calculated with a model for the torsional dependence of the molecular polarizability. New
experimental spectra of the Raman degenerate bands of C2H6 , some recorded in jet expansions, are
also included and analyzed to show the current state of the problem. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1535420#I. INTRODUCTION
Ethane is a prototype molecule for the study of torsion, a
sort of internal motion of remarkable complexity. Unlike ro-
tation or vibration, the wave functions associated with tor-
sion cannot be described in terms of simple analytical func-
tions. Instead, Fourier series are required, often with a slow
convergence. The torsional energy spectrum lacks from the
regularities of the rigid rotor or harmonic oscillator approxi-
mations, and, in addition, the torsional periodic potential
leads to tunnel splittings. Consequently, the fine structure of
the spectra of molecules with torsional degrees of freedom is
far more complex than that of semirigid molecules.
Ethane has a ‘‘moderate’’ ~;1000 cm21! barrier to inter-
nal rotation. Thus, its torsional motion behaves, at low exci-
tation, close to a vibrational mode. The torsional amplitude,
however, increases rapidly with excitation, leading to in-
creasingly larger splittings of the torsional sublevels. Hence,
the vibrational infrared and Raman spectra of fundamental
bands look at low resolution similar to those of semirigid
molecules, and can thus be interpreted to a first approxima-
tion by means of a staggered molecular configuration of D3d
symmetry. But, at resolution high enough to reveal the tun-
neling splittings, the theoretical methods of nonrigid mol-
ecules become necessary for the interpretation of the wave
numbers and intensities of the rotation/torsional fine struc-
ture. In particular, the permutation-inversion G36
1 double
group is necessary to account for perturbations of torsional
nature which are allowed in floppy (G361 ) ethane but have no
equivalence in semirigid (D3d) ethane. For all these reasons,
the interpretation of the vibrational bands of ethane has pro-
gressed slowly compared to other semirigid molecules of
similar size.
Among the 11 fundamental ~genuine! vibrations of
C2H6 , just the two lowest frequency bands, the IR1–4
n9(E1d)5821.74 cm21, and the Raman4,5 n3(A1s)
5994.1108 cm21 bands have been so far analyzed in detail.
The IR bands n6(A4s)51379.163 cm21 and n8(E1d)
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perturbations not yet accounted for satisfactorily. The high-
resolution IR spectra of n5(A4s)52895.67 cm21 and
n7(E1d)52985.39 cm21, partly assigned8 and analyzed,9–11
are strongly perturbed. The low-resolution Raman spectra of
n10(E2d)52968.69 cm21 and n11(E2d)51468.1 cm21 have
been analyzed in the frame of a semirigid molecule model,12
and the extremely weak13 n12(E2d) fundamental has been
reported at about 1196 cm21 without any further
interpretation.14,15 The high-resolution Raman spectra of
the highly perturbed Fermi multiplet, nu52951.501/
2957.89 cm21 and n l52897.204 cm21, related to the funda-
mental n1(A1s), has been the subject of a preliminary
analysis.16 The remaining fundamental n2(A1s)
51397 cm21, though Raman allowed, is very weak and ap-
pears overlapped by the much stronger rotational structure of
n11(E2d); its wave number is indirectly known from the n2
2n3 difference band.17
In addition to these 11 fundamental bands, the torsional
combinations n111n4 and n121n4 have been partially
analyzed,6,18 and several other overtones, combinations, and
difference bands have been reported.8,15,19–23 In turn, vibra-
tional intensities of ethane have received much less attention:
Raman13,24 and IR intensities25 have been interpreted by
means of parametric descriptions and by ab initio methods26
in the frame of a semirigid model.
Many spectral peculiarities of ethane related with the
torsional motion have been considered in the cited literature,
or in several relevant theoretical works.27–30 The torsional
Raman17,31 and IR32 spectra of ethane, including its
intensities,33 have been analyzed in detail. Other aspects, like
the rotation–torsion–vibration Raman selection rules of
ethanelike molecules,29 or the torsional dependence of Ra-
man tensors, though recognized long ago,34 have not been
treated before in much detail. The main purpose of the
present work is to show the peculiarities induced by the tor-
sional motion on the Raman spectra of the degenerate vibra-
tional bands of ethane. Eventually, we intend to trace,
through the Raman intensities, the conceptual transition from
D3d description of ethane to the G36
1 one. This leads to some7 © 2003 American Institute of Physics
 AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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bands related by an arbritrary torsional excitation. Some new
experimental material is also included to illustrate the state
of the art of the problem.
II. THEORY
A. Raman cross sections and selection rules
The vibrational–torsional–rotational energy levels
of ethane will be denoted as (V ,T ,R), where V
5$v1v2v3v5v6v7
l7v8
l8v9
l9v10
l10v11
l11v12
l12% stands for the set of vi-
brational quantum numbers, T5$v4s% for the torsional
quantum number v4 , and its symmetry label s5A1s , E3d ,
E3s , A3d for v45even, or s5A1d , E3s , E3d , A3s for v4
5odd; R5$Jk% are the symmetric top rotational quantum
numbers other than m.
Under a 90° scattering geometry @X(MN)Z# , with MN
5YY , or MN5YX , the differential Raman cross section for
a transition between two vibrational–torsional–rotational
levels of ethane, of energies EVTR and EV8T8R8 and wave
functions uVTR& and uV8T8R8&, is given by
S ]s]V D uVTR&→uV8T8R8&
@X~MN !Z#
5S pe0D
2
~n02n!
4 gVTRe
2EVTR /kBQ
Z~Q!
3S
~VTR→V8T8R8!
@MN#
, ~1!
expression valid under the usual conditions of nonresonant
excitation of Raman scattering, assuming the gas sample to
be in thermal equilibrium at the temperature Q; e0
58.854 1910212 CV21 m21 is the permittivity of vacuum,
n0 the wave number of the exciting radiation, n5(EV8T8R8
2EVTR)/hc the wave number of the Raman shift, and gVTR
the statistical weight of uVTR& due to nuclear spin degen-
eracy; kB is Boltzmann’s constant, Z(Q) the partition func-
tion at the temperature Q, and
S
~VTR→V8T8R8!
@MN#
5dMN
dJJ8dkk8
3 ~2J11 !^V8T8ua0
~0 !uVT&2
1
31dMN
30 ~2J11 !~2J811 !
3S J8 2 J
2k8 t k D
2
u^V8T8uat
~2 !uVT&u2 ~2!
the scattering strength for the irreducible component at
(,) of
the molecular polarizability tensor, with t5Dk5k82k .
Equations ~1! and ~2! hold for an exciting wave number
n0 far from resonant conditions. The molecular polarizability
tensor may then be considered symmetric, and its spherically
irreducible components at
(,) in Eq. ~2! become
a0
~0 !52~axx1ayy1azz!/A3,
a0
~2 !5~2azz2axx2ayy!/A6,
~3!
a61
~2 !57axz2iayz ,
a62
~2 !5~axx2ayy!/26iaxy ,
when expressed in terms of the Cartesian elements.Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject toFrom Eq. ~2! it can be noticed that rotational selection
rules are determined by the nonvanishing conditions of the
3- j symbol, while the vibrational and torsional selection
rules come altogether from the ^V8T8uat
(,)uVT& transition
moments. In semirigid molecules the elements at
(,) depend
only on the normal coordinates, q, but in ethane they are
functions simultaneously of the q’s, and of the torsional co-
ordinate g, defined in Fig. 1. This difference has important
consequences, for the resulting Raman selection rules are not
the same in the D3d point group ~semirigid molecule! than in
the G36
1 double group ~floppy molecule!.
The vibrational and torsional selection rules for the G36
1
group may be derived with aid of the power series expansion
at
~, !~q ,g!5~at
~, !!g1S ]at~, !]qi D gqi1 12 S
]2at
~, !
]qi]q j
D
g
qiq j
1fl , ~4!
in terms of the 3N27517 vibrational normal coordinates
~dimensionless! qi defined below. In Eq. ~4! the convention
of summing over repeated subindices is implicit. The coeffi-
cients (at(,))g , (]at(,)/]qi)g , and (]2at(,)/]qi]q j)g , in the
power series are functions of the torsional angle g, a periodic
variable. They may thus be expressed as a Fourier series of
the generic form
~— !g5 (
n50
‘
C ~n ! cos ng1 (
n51
‘
S ~n ! sin ng . ~5!
Group theory establishes which coefficients C (n) or S (n)
are nonzero by symmetry: For each particular derivative of
the irreducible polarizability element, each term in the right-
hand side of Eq. ~4! must have the same symmetry as the
left-hand side. This implies that
FIG. 1. Local axis system of the top (xt ,yt ,zt), frame (x f ,y f ,z f), and
molecular axis system (X ,Y ,Z) of ethane, and definition of torsional angle g
used in the present work. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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~, !~q ,g!!5G~~at
~, !!g!
5GS S ]at~, !]qi D gD ^ G~qi!
5GS S ]2at~, !]qi]q j D gD ^ G~qiq j!. ~6!
The allowed symmetries of the left-hand side on Eq. ~6! are
known from the character table27 of the group G36
1 :
G(a0(0))5A1s , G(a0(2))5A1s , G(a61(2) )5E2d , and G(a62(2) )
5E1s . In turn, the symmetries of the functions cos ng and
sin ng, required for the full exploitation of Eq. ~6!, are given
in Table I. On the other hand, the symmetry of the 17 normal
coordinates qi of C2H6 satisfies29
GVIB~qi!P3A1s % 2A4s % ~32m !~E1s % E2s!
% m~E1d % E2d!, ~7!
with m50, 1, 2, or 3, not fixed a priori by symmetry. With
these constraints in mind, the periodic functional dependence
of (]at(,)/]qi)g , and (]2at(,)/]qi]q j)g on the torsional angle
is deduced from the symmetry compatibility Eq. ~6!. The
result is summarized in Table II.
The degenerate vibrations of ethanelike molecules can
be seen to occur into ‘‘pairs’’ of analog motions,35 close in
frequency; in C2H6 they are: the two asymmetric CH stretch-
ings n7 and n10 , the two asymmetric HCH bendings n8 and
n11 , and the two methyl rockings n9 and n12 . One compo-
nent of each pair is IR active and the other is Raman active
in a semirigid model. Actually, the two components of the
TABLE I. Symmetry of periodic functions f (g) @n mod 6# in G361 .
f (g) G f (g) G
cos g E3d sin g E3d
cos 2g E3s sin 2g E3s
cos 3g A1d sin 3g A3d
cos 4g E3s sin 4g E3s
cos 5g E3d sin 5g E3d
cos 6g A1s sin 6g A3sDownloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject topair are combinations of degenerate vibrations of top and
frame, one symmetric and the other antisymmetric with re-
spect to the interchange of the two halves of the molecule.
It must be emphasized here that the symmetry of the
degenerate normal coordinates of ethane cannot be deter-
mined unambiguously on the sole basis of symmetry argu-
ments, a peculiarity of molecules with internal rotation. The
choice between (E1d % E2d) and (E1s % E2s) in Eq. ~7! de-
pends on the vibrational potential function36 or, to be more
precise, on the way it changes with the torsional angle. From
the analysis of the subtle torsional splittings of the IR-active
fundamentals of C2H6 , the G36
1 symmetries
G~q7!5G~q8!5G~q9!5E1d ,
~8!
G~q10!5G~q11!5G~q12!5E2d ,
have been proposed37 for the six degenerate normal coordi-
nates of C2H6 . These symmetries will be used throughout
this paper.
Substituting the power series expansion ~4! into Eq. ~2!,
and taking account of Table II, the vibrational–torsional se-
lection rules are obtained from the condition
^V8T8uat
~, !uVT&Þ0,
if G~ uVT&) ^ G~at~, !! ^ G~ uV8T8&){A1s . ~9!
The resulting 32 vibrational–torsional–rotational selection
rules for Raman transitions involving degenerate modes, and
an arbritrary number of torsional excitation, are summarized
in Table III. The transition patterns emerging from these se-
lection rules are intricate and do not seem amenable to fur-
ther simplification. Indeed, the actual transition patterns are
still more involved due to the zz –Coriolis splitting of the
double degenerate vibrational levels.
Figure 2 displays the scheme of rotation–torsional en-
ergy levels for degenerate vibrational states of E1d and E2d
symmetry, and arbitrary torsional excitations. For every
vibrational–torsional–rotational energy level ~solid lines!,
the following symmetries are given: symmetry of the tor-
sional wave function GTOR in the left column, symmetry of
the rotational wave function GROT on the bottom line, andTABLE II. Torsional dependence of the first and second derivatives of the irreducible components of the
molecular polarizability tensor of ethane with respect to the normal coordinates qi .
Sym
G(qi)
Polarizability
1st derivative
Sym
G(qiq j)
Polarizability
2nd derivative
A1s (]a0(0)/]qi)g}cos 6ng A1s (]2a0(0)/]qi]q j)g}cos 6ng
A1s (]a0(2)/]qi)g}cos 6ng A1s (]2a0(2)/]qi]q j)g}cos 6ng
A3s (]2a0(0)/]qi]q j)g}sin 6ng
A3s (]2a0(2)/]qi]q j)g}sin 6ng
E1d (]a61(2) /]qi)g}sin 6ng E1d (]2a61(2) /]qi]q j)g}sin 6ng
E1d (]a62(2) /]qi)g}cos(6n13)g E1d (]2a62(2) /]qi]q j)g}cos(6n13)g
E2d (]a61(2) /]qi)g}cos 6ng E2d (]2a61(2) /]qi]q j)g}cos 6ng
E2d (]a62(2) /]qi)g}sin(6n13)g E2d (]2a62(2) /]qi]q j)g}sin(6n13)g
E1s (]a61(2) /]qi)g}sin(6n13)g E1s (]2a61(2) /]qi]q j)g}sin(6n13)g
E1s (]a62(2) /]qi)g}cos 6ng E1s (]2a62(2) /]qi]q j)g}cos 6ng
E2s (]a61(2) /]qi)g}cos(6n13)g E2s (]2a61(2) /]qi]q j)g}cos(6n13)g
E2s (]a62(2) /]qi)g}sin 6ng E2s (]2a62(2) /]qi]q j)g}sin 6ng
n50,1,2,... AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 24TABLE III. Raman selection rules for Dv i51 vibrational–torsional–rotational transitions uv i50,v4s&→uv i
51,v48s8& of C2H6 , involving a degenerate normal coordinate qi of symmetry G(qi), and arbritrary torsional
excitations v4 and v48 ; DJ50, 61, 62 for all transitions; (]at(,)/]qi)g is the polarizability component respon-
sible for the Raman intensity, with its torsional dependence and symmetry in G361 indicated in squared brackets;
e5even , o5odd parity.
G(qi) (]at(,)/]q)g Dk v4→v48 s→s8 Num
E1d (]a61(2) /]q)g 61 e e E3s→E3s ; E3d→E3d 1
@sin 6ng# o e E3s→E3s ; E3d→E3d ; A3s→A1s ; A1d→A3d 2
@A3s# e o E3s→E3s ; E3d→E3d ; A1s→A3s ; A3d→A1d 3
o o E3s→E3s ; E3d→E3d 4
(]a62(2) /]q)g 62 e e E3s→E3d ; E3d→E3s 5
@cos(6n13)g# o e E3s→E3d ; E3d→E3s ; A3s→A3d ; A1d→A1s 6
@A1d# e o E3s→E3d ; E3d→E3s ; A3d→A3s ; A1s→A1d 7
o o E3s→E3d ; E3d→E3s 8
E2d (]a61(2) /]q)g 61 e e E3s→E3s ; E3d→E3d ; A1s→A1s ; A3d→A3d 9
@cos 6ng# o e E3s→E3s ; E3d→E3d 10
@A1s# e o E3s→E3s ; E3d→E3d 11
o o E3s→E3s ; E3d→E3d ; A3s→A3s ; A1d→A1d 12
(]a62(2) /]q)g 62 e e E3s→E3d ; E3d→E3s ; A1s→A3d ; A3d→A1s 13
@sin(6n13)g# o e E3s→E3d ; E3d→E3s 14
@A3d# e o E3s→E3d ; E3d→E3s 15
o o E3s→E3d ; E3d→E3s ; A3s→A1d ; A1d→A3s 16
E1s (]a61(2) /]q)g 61 e e E3s→E3d ; E3d→E3s ; A1s→A3d ; A3d→A1s 17
@sin(6n13)g# o e E3s→E3d ; E3d→E3s 18
@A3d# e o E3s→E3d ; E3d→E3s 19
o o E3s→E3d ; E3d→E3s ; A3s→A1d ; A1d→A3s 20
(]a62(2) /]q)g 62 e e E3s→E3s ; E3d→E3d ; A1s→A1s ; A3d→A3d 21
@cos 6ng# o e E3s→E3s ; E3d→E3d 22
@A1s# e o E3s→E3s ; E3d→E3d 23
o o E3s→E3s ; E3d→E3d ; A3s→A3s ; A1d→A1d 24
E2s (]a61(2) /]q)g 61 e e E3s→E3d ; E3d→E3s 25
@cos(6n13)g# o e E3s→E3d ; E3d→E3s ; A3s→A3d ; A1d→A1s 26
@A1d# e o E3s→E3d ; E3d→E3s ; A3d→A3s ; A1s→A1d 27
o o E3s→E3d ; E3d→E3s 28
(]a62(2) /]q)g 62 e e E3s→E3s ; E3d→E3d 29
@sin 6ng# o e E3s→E3s ; E3d→E3d ; A3s→A1s ; A1d→A3d 30
@A3s# e o E3s→E3s ; E3d→E3d ; A1s→A3s ; A3d→A1d 31
o o E3s→E3s ; E3d→E3d 32symmetry of the total vibrational–torsional–rotational wave
function GVTR on top of each level, along with its statistical
weight ~in parentheses! for 12C2H6 . Dotted lines represent
nonacceptable combinations of rotational and torsional wave
functions, and are depicted only to show the staggering of
torsional levels for different parities of k.
It should be noticed that the same four schemes of Fig. 2
would occur if the symmetry of the pair of vibrational coor-
dinates were E1s1E2s instead of E1d1E2d , but rearranged
this way: ~a! E1s , v45even; ~b! E1s , v45odd; ~c! E2s ,
v45even; and ~d! E2s , v45odd; i.e., the even/odd character
of v4 is reversed in going from a Ed vibrational symmetry to
a Es one. Thus, in practical terms, the main difference be-
tween an E1s1E2s pair and an E1d1E2d one is the ordering
of the torsional splittings. This property was used37 in the IR
spectrum to determine the symmetry in G36
1 of the 6 degen-
erate vibrations of C2H6 .
In Fig. 3, the Dk561 and Dk562 Raman active tran-
sitions of a fundamental band of E2d symmetry are shown. It
can be noticed in Fig. 3~a! that Dk561 transitions always
connect states with the same torsional wave functions. Thus, Jan 2003 to 161.111.20.5. Redistribution subject tothe torsional splitting of a vibrotational transition is the dif-
ference of the torsional splittings of the initial and final
states. On the contrary, in Fig. 3~b!, the Dk562 transitions
connect the lower component of the torsional manifold in the
initial state with the upper one in the final; thus, the torsional
splitting of the transition is the sum of the torsional splittings
of the involved vibrational states. Figures 3~a! and 3~b! dis-
play, respectively, the selection rules number 9 and 13 of
Table III.
B. Torsional-dependent Raman tensors
The selection rules on Table III state whether a particular
vibrational–torsional–rotational transition is allowed by
symmetry, but do not provide any clue about the expected
intensity. According to Eqs. ~1!–~4!, this information can
only be deduced from the quantities (at(,))g for transitions
within the same vibrational state, from (]at(,)/]qi)g for a
fundamental transition, and from (]2at(,)/]qi]q j)g , for an
overtone or combination transition. A procedure to calculate
the first derivatives of the torsional-dependent Raman tensors
is described next. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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values of (]at(,)/]qi)g’s will be carried out in two steps.
First, the derivatives (]at(,)/]S)g will be obtained with re-
spect to a set of symmetry coordinates S. Subsequently, these
derivatives will be transformed into the (]at(,)/]qi)g’s by
means of the vibrational eigenvector transformation de-
scribed below.
1. Raman tensors in symmetry coordinates
representation
For the purpose of modeling the molecular polarizability
tensor ~a! of ethane, we shall consider it as the sum of the
contributions from two identical fragments of local symme-
FIG. 2. Rotational–torsional level scheme of ethane for a degenerate vibra-
tional level of symmetry Gvib . The ordering of the 1, and 2, components
of the z-Coriolis splitting shown here is for zz.0; for zz,0 this order is
reversed. For the notation of vibrational–torsional–rotational energy levels
and z-Coriolis splittings, see the text. These schemes also hold for vibra-
tional symmetries E1s and E2s with the following correspondence: ~a!
Gvib5E1s , v45even; ~b! Gvib5E1s , v45odd; ~c! Gvib5E2s , v45even;
~d! Gvib5E2s , v45odd.Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject totry C3v . One fragment ~t! stands for the top of the molecule,
and the other ~f!, for the frame. This additivity may be ex-
pressed as
a5Tt
1a tTt1Tf
1a fTf , ~10!
where a t and a f are the polarizability tensors of the frag-
ments, referred to their local axis systems (xt ,yt ,zt) and
(x f ,y f ,z f), shown in Fig. 1; Tt and Tf , defined as
Tt5S cos g sin g 02sin g cos g 0
0 0 1
D ,
~11!
Tf5S cos g 2sin g 02sin g 2cos g 0
0 0 21
D ,
FIG. 3. Raman transitions from the ground to a Gvib5E2d vibrational state.
~a! Dk561 transitions; ~b! Dk562 transitions. For the notation of
vibrational–torsional–rotational energy levels and z-Coriolis splittings see
the text and caption to Fig. 2. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tems of the fragments top and frame, and the molecule fixed
system (X ,Y ,Z). It should be noted that orientation of the
local axis systems used here ~Fig. 1! differs from that used in
the literature29,30,36 in order to preserve formally the equiva-
lence of the tensorial properties of the two fragments, like
the polarizability.
The derivatives of the molecular polarizability with re-
spect to the symmetry coordinates S of Table IV may then be
expressed as
]a
]S 5Tt
1
]a t
]S Tt1Tf
1
]a f
]S Tf . ~12!
For the present purpose, ]a t /]S and ]a f /]S must be ex-
pressed in terms of the internal coordinates
(rtx ,rty ,r f x ,r f y), (a tx ,a ty ,a f x ,a f y), (b tx ,b ty ,b f x ,b f y) of
the two fragments of the molecule, defined at the bottom of
Table IV. For instance, for the derivatives of the polarizabil-
ity of the fragment ‘‘top’’ with respect to any of the symme-
try coordinates S7a , S7b , S10a , or S10b , which depend on
the C–H stretching coordinates r’s, we have
]a t
]S 5
]a t
]rtx
]rtx
]S 1
]a t
]rty
]rty
]S 1
]a t
]r f x
]r f x
]S 1
]a t
]r f y
]r f y
]S ,
~13!
and similar expressions for the derivatives ]a f /]S of the
fragment ‘‘frame.’’ The last two terms in Eq. ~13! mixing the
derivative of the top with a coordinate of the frame may be
neglected because they are expected to be very small. Ex-
pressions analogous to that in Eq. ~13! hold for the frame and
for the other symmetry coordinates of Table IV depending on
the H–C–H bendings ~a’s!, and on the H–C–C bendings
~b’s!.
The internal coordinates rt j’s, a t j’s, b t j’s and r f j’s,
a f j’s, b f j’s, with j5x ,y , defined at the bottom of Table IV
have been chosen in such a way that they are well-oriented
TABLE IV. Symmetry coordinates for degenerate modes of ethane; a
51 Å is a length scaling factor.
S7a(E1d)5(1/A2)@(crtx2srty)1(cr f x2sr f y)#
S7b(E1d)5(1/A2)@(srtx1crty)2(sr f x1cr f y)#
S8a(E1d)5(1/A2)@(ca tx2sa ty)1(ca f x2sa f y)#
S8b(E1d)5(1/A2)@(sa tx1ca ty)2(sa f x1ca f y)#
S9a(E1d)5(1/A2)@(cb tx2sb ty)1(cb f x2sb f y)#
S9b(E1d)5(1/A2)@(sb tx1cb ty)2(sb f x1cb f y)#
S10a(E2d)5(1/A2)@(srtx1crty)1(sr f x1cr f y)#
S10b(E2d)5(1/A2)@(2crtx1srty)1(cr f x2sr f y)#
S11a(E2d)5(1/A2)@(sa tx1ca ty)1(sa f x1ca f y)#
S11b(E2d)5(1/A2)@(2ca tx1sa ty)1(ca f x2sa f y)#
S12a(E2d)5(1/A2)@(sb tx1cb ty)1(sb f x1cb f y)#
S12b(E2d)5(1/A2)@(2cb tx1sb ty)1(cb f x2sb f y)#
c5cos g, s5sin g
rtx5(1/A6)(2dr12dr22dr3) rty5(1/A2)(dr22dr3)
r f x5(1/A6)(2dr42dr52dr6) r f y5(1/A2)(dr52dr6)
a tx5(a/A6)(2da12da22da3) a ty5(a/A2)(da22da3)
a f x5(a/A6)(2da42da52da6) a f y5(a/A2)(da52da6)
b tx5(a/A6)(2db12db22db3) b ty5(a/A2)(db22db3)
b f x5(a/A6)(2db42db52db6) b f y5(a/A2)(db52db6)
dri5C–Hi stretching; da i5Hj – C–Hk bending; db i5C–C–Hi bendingDownloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject topairs of degenerate E-symmetry coordinates in the methyl
groups. Thus, the local Raman tensors for the top and frame
methyl groups are
]a t
]rtx
5
]a f
]r f x
5S dr 0 er0 2dr 0
er 0 0
D , ~14!
]a t
]rty
5
]a f
]r f y
5S 0 2dr 02dr 0 er
0 er 0
D , ~15!
for the stretching coordinates, and similar ones for the bend-
ing coordinates, a t j’s, b t j’s and a f j’s, b f j’s defined in Table
IV, replacing r by a, or by b.
Introducing the coefficients of the symmetry coordinates
Si of Table IV into Eqs. ~13!–~15!, the Raman tensors for the
whole molecule
]a
]S ja~E1d!
5A2S dh cos 3g 0 00 2dh cos 3g 0
0 0 0
D ,
~16!
]a
]S jb~E1d!
5A2S 0 2dh cos 3g 02dh cos 3g 0 0
0 0 0
D ,
]a
]Sla~E2d!
5A2S dh sin 3g 0 00 2dh sin 3g eh
0 eh 0
D ,
~17!
]a
]Slb~E2d!
5A2S 0 2dh sin 3g 2eh2dh sin 3g 0 0
2eh 0 0
D
are obtained in terms of the torsional angle and of the ele-
ments dh and eh of the methyl group. The subindex h stands
for r, a, or b, depending on the internal valence coordinates
involved in each particular symmetry coordinate.
It can be verified that at staggered configurations @g
5(2n11)p/6, with n50,1,2,...], the symmetry properties
of the Raman tensors are those of the degenerate species in
D3d point group. At the eclipsed configurations (g
52np/6, with n50,1,2,...), the symmetry is as in D3h point
group.
2. Raman tensors in normal coordinates
representation
Symmetry coordinates Si and dimensionless normal co-
ordinates q j are related by
Sir5Li jq jr , ~18!
where Li j are elements of the vibrational eigenvector L ma-
trix. Consequently, the derivatives of the molecular polariz-
ability are related in the form
]a
]qir
5L ji
]a
]S jr
. ~19! AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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from 7 to 12. Index r5a ,b stands for the two components of
a degenerate pair.
Bunker29,36 has discussed the vibrational GF problem
for ethanelike molecules. According to his description,Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject tosymmetry coordinates, L matrix, and normal coordinates
of non-rigid ethane, depend on the torsional angle. In
particular, the L matrix consists of four ~333! blocks
of A1s or A3s symmetry expressable as Fourier series in the
formS S7r~E1d!S8r~E1d!S9r~E1d!S10r~E2d!S11r~E2d!
S12r~E2d!
D 5S ~~333 !A1s! ~~333 !A3s!Li j1(n l i j~n ! cos 6 ng (n l i j~n ! sin 6ng~~333 !A3s! ~333 !A1s)
(
n
l i j~
n ! sin 6ng Li j1(
n
l i j~
n ! cos 6ng
D S q7r~E1d!q8r~E1d!q9r~E1d!q10r~E2d!q11r~E2d!
q12r~E2d!
D . ~20!
The constant terms Li j are known from ab initio calculations
and empirical force fields38 with a reasonably degree of con-
fidence. On the contrary, the terms l i j
(n) are not known so far.
In ethane they are expected to be one order of magnitude
smaller than the corresponding Li j’s, or even smaller, by vir-
tue of the relatively high torsional barrier. Setting Eqs. ~16!
and ~17! into Eq. ~19!, and taking into account Eq. ~20!, the
following nonzero Cartesian components of the g-dependent
Raman tensors are obtained:
~i! E1d normal modes qir5q7r ,q8r ,q9r , with r5a ,b
]axx
]qia
52
]ayy
]qia
52
]axy
]qib
5M i cos 3g1(
n
f i~n ! cos~6n13 !g , ~21!
]ayz
]qia
52
]axz
]qib
5(
n
gi
~n ! sin 6ng , ~22!
with
M i5A2~L7idr1L8ida1L9idb!. ~23!
~ii! E2d normal modes qir5q10r ,q11r ,q12r , with
r5a ,b
]axx
]qia
52
]ayy
]qia
52
]axy
]qib
5Ni sin 3g1(
n
f i~n ! sin~6n13 !g , ~24!
]ayz
]qia
52
]axz
]qib
5Pi1(
n
gi
~n ! cos 6ng , ~25!
withNi5A2~L10idr1L11ida1L12idb!, ~26!
Pi5A2~L10ier1L11iea1L12ieb!, ~27!
determined by the constant terms of the L matrix and the
polarizability parameters of the methyl group. As can be
checked from the definition of the irreducible components of
the polarizability in Eq. ~3!, the resulting torsional depen-
dence of the Raman tensors is consistent with that predicted
on the sole basis of symmetry ~Table II!.
In Eqs. ~21! to ~25!, the coefficients f i(n) and gi(n) depend
on the elements l i j
(n) of the g-dependent L-matrix @Eq. ~20!#.
In C2H6 they are expected to be much smaller than the terms
M i , Ni , and Pi , and will be neglected in the forthcoming
discussion. The following derivatives of the irreducible com-
ponents are then obtained:
~iii! E1d normal modes qir5q7r , q8r , q9r , with
r5a ,b
S ]a61~2 !]qir D g.0, ~28!
S ]a62~2 !]qia D g56iS
]a62
~2 !
]qib
D
g
.M i cos 3g . ~29!
~iv! E2d normal modes qir5q10r , q11r , q12r , with
r5a ,b
iS ]a61~2 !]qia D g56S
]a61
~2 !
]qib
D
g
.Pi , ~30!
S ]a62~2 !]qia D g56iS
]a62
~2 !
]qib
D
g
.Ni sin 3g . ~31!
Due to the torsional dependence of the quantities of Eqs.
~28!–~31!, the transition moments ^v4sucos 6guv48s8&,
^v4susin 6guv48s8&, ^v4sucos 3guv48s8&, and
^v4susin 3guv48s8&, are also needed for the interpretation of
the Raman intensities. A summary of those relevant for the
analysis of the spectra discussed below is given in Table V. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 24TABLE V. Transition moments ^v4su f (g)uv48s8& of C2H6 . Average value over the various torsional symme-
tries ~s,s8!, with the largest deviation from average value indicated in parenthesis.
^v4su f (g)uv48s8& ~s,s8!
^0sucos 6gu0s&520.847 5~0! (A1s ,A1s), (E3d ,E3d), (E3s ,E3s), (A3d ,A3d)
^1sucos 6gu1s&520.537 4~16! (A1d ,A1d), (E3s ,E3s), (E3d ,E3d), (A3s ,A3s)
^2sucos 6gu2s&520.209 7~218! (A1s ,A1s), (E3d ,E3d), (E3s ,E3s), (A3d ,A3d)
u^0sucos 6gu2s&u50.198 9~9! (A1s ,A1s), (E3d ,E3d), (E3s ,E3s), (A3d ,A3d)
u^0susin 3gu0s8&u50.959 4~0! (A1s ,A3d), (E3d ,E3s)
u^1susin 3gu1s8&u50.870 1~0! (A1d ,A3s), (E3s ,E3d)
u^2susin 3gu2s8&u50.756 3~4! (A1s ,A3d), (E3d ,E3s)
u^0susin 3gu2s8&u50.057 3~1! (A1s ,A3d), (E3d ,E3s), (E3s ,E3d), (A3d ,A1s)
u^0susin 3gu1s8&u50.000 2~0! (E3s ,E3d), (E3d ,E3s)
u^1susin 3gu2s8&u50.005 6~0! (E3s ,E3d), (E3d ,E3s)
u^2susin 3gu3s8&u50.069 5~0! (E3s ,E3d), (E3d ,E3s)
u^0sucos 3gu1s8&u50.275 6~0! (A1s ,A1d), (E3d ,E3s), (E3s ,E3d), (A3d ,A3s)
u^1sucos 3gu2s8&u50.391 6~1! (A1d ,A1s), (E3s ,E3d), (E3d ,E3s), (A3s ,A3d)
u^2sucos 3gu3s8&u50.482 6~80! (A1s ,A1d), (E3d ,E3s), (E3s ,E3d), (A3d ,A3s)
u^0sucos 3gu0s8&u50.000 03~0! (E3s ,E3d)
u^1sucos 3gu1s8&u50.001 4~0! (E3s ,E3d)
u^2sucos 3gu2s8&u50.023 6~0! (E3s ,E3d)
u^0susin 6gu1s8&u50.483 3~3! (A1s ,A3s), (E3d ,E3d), (E3s ,E3s), (A3d ,A1d)
u^1susin 6gu2s8&u50.576 0~56! (A1d ,A3d), (E3s ,E3s), (E3d ,E3d), (A3s ,A1s)
u^2susin 6gu3s8&u50.544 9~375! (A1s ,A3s), (E3d ,E3d), (E3s ,E3s), (A3d ,A1d)They have been calculated from the torsional wave functions
uv4s&, obtained by numerical diagonalization of the tor-
sional Hamiltonian
HT52A
]2
]g2
1
V3
2 ~11cos 6g!1
V6
2 ~12cos 12g!,
~32!
in the basis of the free rotor functions uL&5N 21 exp(iLg),
following the procedure of Ref. 17.
At this point it is worth discussing the symmetry prop-
erties of the torsional-dependent Raman tensors, in order to
trace the conceptual transition from D3d to G36
1
. Raman ac-
tive degenerate vibrations of C2H6 , and the polarizability
components a61
(2) and a62
(2)
, belong to the Eg species in
D3d ,27 so that two series of transitions Dk561 and Dk
562 are expected in the spectrum, each series with an in-
tensity given by an independent component (]a61(2) /]q)2 and
(]a62(2) /]q)2, whose ratio is constant for a given band. On
the contrary, a61
(2) and a62
(2) transform like different degener-
ate representations (E2d and E1s) in G361 ,27 so that the selec-
tion rules for a given degenerate vibrational band of ethane
are apparently Dk561 or Dk562, but not both, depending
on whether the vibration belongs to the E2d or E1s species of
G36
1
. As a matter of fact, the analysis of n10 and n11 by
Lepard et al.12 showed that both series of sub-branches Dk
561 and Dk562 were present in the spectrum of these
two bands.
This apparent contradiction is overcome when the tor-
sional dependence of the Raman tensors is taken into ac-
count. For a (E1d,E2d) pair of normal modes, several con-
clusions can be drawn from Eqs. ~28! to ~31!. First, the only
constant term ~i.e., independent from g! is that of a61
(2) of the
E2d symmetry. This is the meaning to be attributed to the
notation in the Character Table of G36
1
, as given in Ref. 27.
The Dk562 transitions, that seemed to be ‘‘lost’’ in going
from the D3d to G36
1 descriptions of ethane, become allowed Jan 2003 to 161.111.20.5. Redistribution subject toby means of the term in sin 3g. And the E1d modes, which,
according to the Character Table of G36
1
, were active in IR
but not in Raman, become allowed in Raman with rotational
selection rules Dk561 and Dk562, through the terms in
sin 6g and cos 3g. The terms in g mean that these transitions
involve a simultaneous change in the torsional state, but be-
cause of the different symmetry of the g functions, these
torsional transitions are different for the E2d modes than for
the E1d , as can be checked with the transition moments in
Table V: in the E2d case, they imply Dv450, but connect
A1s↔A3d , A3s↔A1d , and E3s↔E3d , i.e., there is a change
in the torsional wave function but within the same torsional
quantum number v4 ; on the contrary, in the E1d case, they
necessarily convey a Dv4561 change, thus becoming al-
lowed in the form of a torsional combination or difference
band, (n6n4), as expected in the D3d description.
Furthermore, according to the model for the torsional
dependence of the Raman tensors just described, the inten-
sity of the a62
(2) component of an Eg mode in D3d is ‘‘split’’
into the E1d ~IR! and the E2d ~Raman! modes in G36
1
. Thus,
we can look at this situation in terms of the IR modes ‘‘bor-
rowing’’ some intensity from the Raman ones when the tor-
sional motion departs from a small amplitude vibration. This
poses a relation between the intensity of a Raman degenerate
vibrational band and the combination or difference of its IR
counterpart with the torsional mode, that can be used to
check the applicability of the model.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Instrumentation
The Raman spectra shown below have been recorded
with a high-sensitivity instrument.39 It is equipped with a low
noise CCD detector ~5123512 pixels, 19319 mm2 pixel
size! refrigerated by liquid N2 , and a computer controlled
scanning/data acquisition system which allows spectral accu- AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
2665J. Chem. Phys., Vol. 118, No. 6, 8 February 2003 Degenerate modes of C2H6FIG. 4. The n10 Raman band of gaseous ethane. @YX# scattering geometry excited with 1.0 W ~1multipass! at 514.5 nm. Average of 10 scans in ;3 h total
acquisition time, using 50 mm[0.40 cm21 spectral slit. CCD binning: 13256 pixels.mulation without loss of resolution. The detection threshold
is about 1 ppm, referred to a gas at standard temperature and
pressure, using 1 W exciting cw-laser power at 514.5 nm.
The spectral resolution of the instrument is on the order of
0.2 cm21.
The large sample chamber of 42342324 cm3, manufac-
tured in aluminum, and blackened inside to reduce stray ra-
diation, allows recording two sorts of Raman spectra
~i! from gases under supersonic jet conditions, in the
temperature range 5,T,100 K, and
~ii! from static gases in the pressure range 0.1,P
,200 kPa.
The first sort of spectra can just be recorded for intense Ra-
man bands, due to the signal limitation imposed by the rar-
efaction proper of supersonic expansions. In the present case,
among the degenerate bands of C2H6 , only n10 and n11 are
intense enough to be recorded under expansion conditions in
a wide thermal range. In order to extend this range down to
the lowest temperatures, besides pure C2H6 ~Air Liquide,
99.4% stated purity!, mixtures of 50%, 20%, and 5% of
C2H6 in He were expanded through a nozzle of diameter D
5300 mm, under stagnation temperature of 295 K and pres-
sure of 100 kPa.
The other bands investigated, namely n12 , n71n4 , n8
1n4 , n111n12 , and n812n42n9 , are at least two orders of
magnitude weaker than n10 , and were not amenable to ob-
servation under supersonic expansion. Their Raman spectra
were recorded at a pressure of 10 kPa in order to reduce the
pressure broadening.
Wave numbers were calibrated either with emision lines
of Ne, or with the S(1) Raman line of O2 at 1570.53 cm21.40
The estimated accuracy is 60.1 cm21.Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject toB. n10E2d, n11E2d, and n12E2d fundamental bands
The Raman spectra of n10 and n11 bands of ethane were
investigated in some detail in the prelaser era:12 they were
recorded photographically with an exposure time of about 70
h, at a sample pressure of one atmosphere. In the prelaser
spectrum of n10 , a large number of rotation–vibration lines
were overlapped by the strong Q branches of nu at 2954
cm21, and of n l at 2898 cm21, of the Fermi resonance of
n1 .
16 The prelaser spectrum of n11 was somewhat better.
In spite of the relatively modest signal-to-noise ratio,
and of the low resolution caused by pressure broadening, a
rather complete analysis of the spectra of n10 and n11 was
accomplished.12 However, doubts remained about the vibra-
tional origin of both bands, which could be misassigned by
61 unit of the quantum number k. Further, the ratio of tran-
sition moments
Ri5S ^VTuS ]a62~2 !]qir D gqiruV8T8&
^VTuS ]a61~2 !]qir D gqiruV8T8&D
2
5S NiPi D
2
u^Tusin 3guT8&u2, ~33!
~referred to in Ref. 12 as C62 :C61) was defined in the
frame of a D3d point group, i.e., ommitting the angular de-
pendence in g; prelaser values of Ri were not expected to be
determined accurately neither for n10 , nor for n11 , due to the
low signal-to-noise ratio of the photographically recorded
spectra.
We report here the n10 and n11 bands recorded with im-
proved experimental conditions: at room temperature and AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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peratures ranging from ;100 K down to 13 K. The low
temperature spectra were aimed to remove any ambiguity
about the band origin.
Some representative spectra of n10 are shown in Fig. 4
~room temperature! and Fig. 5 ~13 K!. The spectrum in Fig.
4 was recorded under 90° scattering geometry X@YX#Z in
order to avoid the overlapping of the much more intense
nondegenerate bands. It can be noticed in Fig. 4 the complete
elimination of the strongly polarized components nu
TABLE VI. Molecular constants of selected vibrational states of 12C2H6 .
State Ref. state Ref.
n7(E1d)52985.39 cm21 9 n10(E2d)52968.4860.1 cm21 a
A752.682 cm21 9 A1052.712 860.002 cm21 a
B750.663 10 cm21 9 B1050.664 760.000 3 cm21 a
z7
z 50.128 9 z10z 50.21960.002 a
R1050.660.2 a
n8(E1d)51471.634 cm21 6 n11(E2d)51468.460.1 cm21 a
A852.656 02 cm21 6 A1152.657 560.001 cm21 a
B850.664 667 cm21 6 B1150.666 660.000 5 cm21 a
z8
z 520.302 5 6 z11z 520.334 39 18
R1150.3560.15 a
n9(E1d)5821.722 44 cm21 2 n12(E2d)51196.960.2 cm21 a
A952.678 900 8 cm21 2 A125(2.669 52) cm21 b
B950.661 744 3 cm21 2 B125(0.663 027 4) cm21 b
z9
z 50.259 334 7 2 z12z 50.40760.01 a
R12>3 a
Ground state Torsion
A052.669 52 cm21 37 n45289 cm21 17
B050.663 027 4 cm21 33 A452.674 5 cm21 41
DJ51.031 7431026 cm21 2 B450.660 501 1 cm21 33
DJk52.660 431026 cm21 2
Dk59.4431026 cm21 38
aPresent work.
bGround state value.
FIG. 5. The n10 Raman band of jet-expanded ethane ~5% in He!, at x
55D51.5 mm from nozzle and 105 Pa stagnation pressure. @YY #1@YX#
scattering geometry excited with 2.0 W at 514.5 nm. Average of 2 scans in
10 min total acquisition time, using 100 mm[0.80 cm21 spectral slit. CCD
binning: 33256 pixels.Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject to52954 cm21 and n l52898 cm21 of the Fermi resonance in-
volving n1 . Some assignments of prominent peaks are indi-
cated in Figs. 4 and 5, calculated from the analysis described
next.
The Raman spectra of n10 in Figs. 4 and 5, plus other at
intermediate temperatures ~46 and 79 K!, were simulated us-
ing Eq. ~2! for the intensities, and the expresion
EVR~n lJk !5vv1BvJ~J11 !1~Av2Bv!k21Av~zv
z l !2
22Avzv
z kl2DJ~J~J11 !!2
2DJkJ~J11 !k22DKk4, ~34!
for the energies of the rotation–vibration levels. This simu-
lation allowed some molecular constants of the band to be
fitted to the experimental spectrum. The results are shown in
Table VI.
As shown in Fig. 5, a reasonably good simulation of the
spectrum of n10 at a temperature of T513 K is possible on
the basis of the parameters of Table VI. At temperatures
above 50 K, the population of levels involving higher J val-
ues becomes dominant and the simulation becomes poorer,
with evidence of local perturbations. Nonetheless, it was
possible to obtain the A10 , B10 , and z10
z constants from fits
of the low temperature spectra, and to confirm unambigu-
ously the band origin. Our analysis, summarized in Table VI
~rows for n10) largely confirms that of Lepard et al.12
From the ratio R1050.660.2, defined in Eq. ~33!, jointly
with the absolute cross section13 of n10 , one obtains the nu-
merical values of the main coefficients of the Raman tensors
defined in Eqs. ~24! and ~25!
uN10u5~0.16660.017!310240 C m2 V21,
~35!uP10u5~0.19860.02!310240 C m2 V21.
The n10 , n11 , and n12 bands obey the selection rules
number 9 and 13 of Table III, shown in detail in Fig 3. The
expected torsional splittings cannot be resolved under the
present experimental conditions. However, the ~unperturbed!
FIG. 6. High resolution torsional splitting patterns for torsional–rotational
Raman transitions from ground to an Gvib5E2d degenerate vibrational state.
~a! Dk562; ~b! Dk561. For each transition, symmetries of initial and final
torsional wave functions, rotational quantum number k ~mod 6! of initial
state, and relative intensity due to nuclear spin weight are given. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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h total acquisition time, using 50 mm[0.52 cm21 spectral slit. CCD binning: 13256 pixels.high resolution pattern can be predicted with the aid of Figs.
2 and 3. As shown in Fig. 6~a!, the transitions J, k→J8, k
62 are expected to consist of torsional doublets separated by
approximately 6X50.011 cm21, with the ratio of intensities
and the ordering of the splitting components depending on
the quantum number k of the initial level of the transition.
On the contrary, for J, k→J8, k61 transitions, the torsional
splittings are expected to be much smaller, just due to the
difference of the effective torsional barrier between the
ground and the vibrational level n10 . Thus, the order shown
in Fig. 6~b! is uncertain, and could be globally reversed.
Rotational and torsional perturbations can modify this pat-
tern, even lifting the A1 /A2 or E3 /E4 degeneracies in Fig. 3.
In particular, the Coriolis perturbation of n10 by the nearby
n1 fundamental can be expected through the z1,10
xy term.
The Raman spectra of n11 are shown in Fig. 7 ~room
temperature! and Fig. 8 ~23 K!. These and other spectra at
intermediate temperatures were analyzed in a similar way to
n10 , just discussed. The results are included in Table VI.
From the fits it was possible to determine the band origin and
the rotational constants A11 and B11 ; z11
z was fixed at the
value from the analysis of the IR combination18 n111n4 .
From R1150.3460.15, jointly with the absolute cross
section13 of n11 , one obtains
uN11u5~0.06060.01!310240 C m2 V21,
~36!
uP11u5~0.09760.015!310240 C m2 V21.
Some assignments of prominent peaks, calculated from
the molecular constants of Table VI are indicated in Figs. 7
and 8: positions of QK sub-branches and the result of acci-
dental piling up of RSK(J) transitions with the same value of
(J12K). Due to the negative sign of the Coriolis z11z con-Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject tostant, it should be noticed that the order of the 1l and 2l
components of the energy levels of n11 is reversed with re-
spect to Figs. 2 and 3.
The Raman spectrum in the region of the n12 band is
shown in Fig. 9. For the n12 band, barely investigated before,
present analysis provides strong evidence that its previous
assignment13,15 was not correct. As shown in Fig. 9, the
broad peak at n.1190 cm21 previously assigned as n12 ,
turns out to be completely polarized. Thus, it cannot be as-
signed to a degenerate fundamental band. It may be better
assigned to the difference band (n812n4)2n9 , analyzed
FIG. 8. The n11 Raman band of jet-expanded ethane ~20% in He!, at 5D
51.5 mm from nozzle and 1 bar stagnation pressure. @YY #1@YX# scatter-
ing geometry, excited with 1.5 W ~1multipass! at 514.5 nm. Average of 5
scans in 25 min total acquisition time, using 100 mm[1.03 cm21 spectral
slit. CCD binning: 33256 pixels. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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derlying structure seen in Fig. 9~b! with average spacing of
D510.22 cm21 between consecutive peaks. This spacing is
consistent with that of the OQK and SQK sub-branches for a
Coriolis constant of 0.40, close to the value z12
z 50.4063
derived6 from the analysis of the IR spectrum of n121n4 .
From the fit to the experimental spectrum shown in Fig. 9~b!
the z12
z constant and the band origin were obtained, as re-
ported in Table VI. However, due to the extremely low in-
tensity of n12 , and the overlapping of the broad feature cen-
tered at ;1190 cm21, it is not possible from present spectra
to determine unambiguously the band origin. We propose
n1251196.960.2 cm21~6n3D!, ~37!
with n50, or 1, or 2.
The cross section of n12 is estimated to be about one
fourth of the very small value reported earlier.13 This im-
poses onto uN12u and uP12u the constraint
0.857uN12u21uP12u2<0.000 171310280 C2 m4 V22.
~38!
With the aid of Eqs. ~26!–~27!, and of the L matrix of
the vibrational force field of ethane,38 the quantities uNiu and
uPiu, for i510, 11, 12, can be reduced to the parameters dr ,
er , da , ea , db , and eb of the methyl group tensors, defined
in Eqs. ~14!, ~15!, and analogous ones. The parameters ob-
tained are udru51.0760.1, ueru51.2760.1, udau<0.25,
ueau<0.30, udbu<0.14, uebu<0.16, in units of
10230 C m V21. The following values have been derived
from ab initio calculations:26 dr50.717, er50.742, da
FIG. 9. Raman spectrum of gaseous ethane in the region of the n12 band. ~a!
and ~b! experimental, excited with 2 W ~1multipass! at 514.5 nm, using 300
mm[3.2 cm21 spectral slit; scattering geometry: ~a! @YY #; ~b! @YX# , total
acquisition time: 30 min each, CCD binning: 83256 pixels. ~c! simulated
n12 band with R125‘ . ~d! simulated (n812n4)2n9 band. ~e! sum of 4/3~c!
1~d!.Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject to520.129, ea50.181, db520.055, and eb50.116, in the
same units. From this analysis, it turns out that over 90% of
the Raman intensity of the n11 band arises from the C–H
stretching coordinate S10 in the q11 normal mode.
C. n7E1d¿n4 , n8E1d¿n4 , and n9E1d¿n4
vibration–torsion combination bands
The theoretical model described in Sec. II provides se-
lection rules and Raman tensors for transitions to any degen-
erate vibrational state in C2H6 involving an arbitrary number
of torsional quanta. These Raman tensors are also deter-
mined by the six quantities dr , er , da , ea , db , eb of the
methyl group, defined in Eqs. ~14! and ~15!, whose numeri-
cal values were given above.
The Raman tensors for the normal coordinates q7 , q8 ,
and q9 of E1d vibrational symmetry are largely determined
by the quantities M 7 , M 8 , and M 9 , respectively, defined in
Eq. ~23!. Their numerical values are uM 7u50.16660.017,
uM 8u50.07360.014, and uM 9u<0.024, in units of
10240 C m2 V21, as calculated from the Li j coefficients de-
rived from the empirical force field of ethane.38
All n71n4 , n81n4 , and n91n4 combination bands are
permitted in the Raman spectrum, and, according to Table
III, obey the torsional selection rules No. 3 and 7. However,
from Eq. ~28!, the Dk561 transitions should have almost
zero intensity. Hence, the PQK and RQK peaks should be
nearly missing, and only the OQK and SQK peak series would
be observed. The Raman cross section associated with the
Dk562 transitions is determined by the quantities M 7 ,
M 8 , and M 9 given above, along with the square of the tor-
sional transition moment ^0sucos 3gu1s8& given in Table V.
On this basis, we obtain for n7(E1d)1n4 a cross section
that is 0.035 of the nearby n10(E2d) band. In Fig. 10, the
Raman spectrum of ethane in the region 3100–3450 cm21 is
shown. The dominant feature is a series of sharp peaks with
an average spacing of D58.74 cm21. This spacing matches
well with the spacing D58.71 calculated for n71n4 from9
FIG. 10. Raman spectrum of gaseous ethane in the region of the n71n4
band. @YY #1@YX# scattering geometry excited with 2 W1multipass at
514.5 nm. Average of 9 scans in ;4 h total acquisition time, using 100
mm[0.76 cm21 spectral slit. CCD binning: 33256 pixels. ~1! and ~2! ten-
tatively assigned as 2n212n4 and n312n12 , respectively. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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z 50.128. In Fig. 10, the simulated spectrum of n71n4 ,
resulting from a fit to the experimental spectrum, is also
shown. The following molecular constants for n71n4 are
determined from the fit:
n71n453256.5560.04 cm21, ~39!
zz~n71n4!50.11260.003, ~40!
A~n71n4!2A050.01760.003 cm21. ~41!
This origin is, however, uncertain by 6D or 62D, due to the
low signal to noise ratio of the experimental spectrum. We
thus conclude that this band may be attributed to n7(E1d)
1n4 , instead of the previously proposed assignment as the
SSK of n10 band,15 or as the SSK of n1 band.42 The experi-
mental intensity for n7(E1d)1n4 appears to be somewhat
weaker than predicted, but the determination of the baseline
is uncertain.
By the same token, the counterpart band n8(E1d)1n4 ,
with the same symmetry characteristics as n7(E1d)1n4 ,
should be expected around 1760 cm21. However, it should
be still weaker than n7(E1d)1n4 , by about one order of
magnitude, since its intensity is given by (M 8)2, which is
smaller than (M 7)2. Indeed, such a band has been reported,15
tentatively assigned as 3n41n9 , 2n41n12 , or n41n8 ~the
quotation in the original,15 n41n9 , is thought to be a mis-
print!. Though the signal-to-noise ratio is not very good, the
average spacing between consecutive O ,SQK branches, of
about15 7 cm21, is more consistent with the assignment as
n8(E1d)1n4 band. The n9(E1d)1n4 band, with estimated
origin at about 1111 cm21, should be still much weaker then
the previous bands due to the very small value of M 9 .
The corresponding torsional hot bands, with origins at
n7(E1d)2n4.2696, n8(E1d)2n4.1182, and n9(E1d)2n4
.533 cm21, should display a similar structure of O ,SQK
branches as their counterpart combination bands discussed
above, with intensities weaker by a population factor F
5exp(2hcn4 /kBQ)50.24 at room temperature. According to
Table III, the selection rules for these bands are 2 and 6.
D. n11E2d¿n12E2d combination band
In Fig. 11, the Raman spectrum of ethane in the region
2500–2750 cm21 is shown. The n11(E2d)1n12(E2d) band,
expected in this region, has three components: (n11
1n12)A1s and (n111n12)E1s, which are Raman active, and
the inactive one (n111n12)A2s. The (n111n12)A1s component
is expected to have a sharp and very weak Q branch24 that
may be tentatively assigned in Fig. 11 as the peak ~2! at
about 2661 cm21.
Though Table III refers to selection rules of fundamen-
tals with arbitrary torsional quanta, it also applies to over-
tones and combinations by replacing the first derivative of
the polarizability by the second derivative of the same sym-
metry, according to Table II. So (n111n12)E1s obeys selec-
tion rules 17 and 21. In principle, one can expect for (n11
1n12)E1s a set of
O ,SQK branches, its intensity originating
from a nearly constant derivative ]2a62
(2) /]q11]q12 , and an-
other set of P ,RQK branches due to a modulated term
]2a61
(2) /]q11]q12 with g dependence of the form sin(6nDownloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject to13)g. The observed average spacing of 7.48 cm21 is consis-
tent with the predicted one, D57.64 cm21, for the O ,SQK
branches for an effective zz52(z11z 1z12z )520.0726, from
the values of Table VI. In Fig. 11, the simulated spectrum of
(n111n12)E1s, resulting from a fit to the experimental spec-
trum, is also shown. The following molecular constants are
determined from the fit:
~n111n12!E1s52658.2960.05 cm
21
, ~42!
zz~n111n12!E1s520.08160.003. ~43!
As in the case of n71n4 , the origin of (n111n12)E1s could
be misassigned by 6D or 62D. The previous assignment15
as the OOK band of n10 does not appear to be consistent with
the present analysis.
E. n8E1d¿2n4Àn9E1d difference band
In Fig. 9 the very weak—and strongly polarized—band
centered at ;1190 cm21 is shown. This band, previously
assigned13,15 as n12 , instead seems to correspond to a transi-
tion between two vibrational states of symmetry E1d , n9
→(n812n4). If so, it owes its intensity chiefly to the term
]a0
(0)/]q8]q9 , and thus obeys the rotational selection rules
DJ50, Dk50, and Dl50, and the torsional rules A1s
→A1s , E3d→E3d , E3s→E3s , and A3d→A3d . The reason
why this Q branch is unusually broad is the combined effect
of large Coriolis constants, z8
z .20.30 in the final level and
z9
z 50.259 334 in the initial level, with opposite signs. This
causes a splitting between consecutive QQK branches of
about
D52Auz8
z 2z9
z u.3 cm21. ~44!
In Fig. 12 the Raman transitions are shown between the
zz-Coriolis split energy levels, with their torsional splittings
and statistical weights. A fit of a simulated spectrum to the
experimental one yielded the following constants:
FIG. 11. Raman spectrum of gaseous ethane in the region of the n111n12
band. @YY #1@YX# scattering geometry excited with 2 W1multipass at
514.5 nm. Average of 10 scans in ;2.5 h total acquisition time, using 100
mm[0.85 cm21 spectral slit. CCD binning: 33256 pixels. ~1! and ~2! ten-
tatively assigned as n312n9 and (n111n12)(A1s), respectively. AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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zz~n812n4!520.09960.008. ~46!
The simulated spectrum compares reasonably well with the
experimental one, as shown in Fig. 9.
In addition, each QQK branch should be split into one
‘‘A’’ and one ‘‘E’’ sub-branch, due to the large torsional split-
ting expected for the final state (n812n4) with two quanta
of torsional excitation. Assuming a torsional behavior in n8
like in the ground vibrational state, the splitting between A/E
components is ;3.9 cm21, and would be noticeable even in
the low resolution spectrum of Fig. 9. However, in the simu-
lation of Fig. 9 no torsional splitting was included, which is
an indication that in the combination state (n812n4) it is
smaller than expected.
There is some evidence in the literature that the torsional
motion in degenerate vibrational states in ethanelike mol-
ecules is not as simple as in nondegenerate states. From the
analysis18 of the IR combination (n111n4), the torsional
splitting in that state was found smaller than with the same
torsional excitation in the ground vibrational state, and that
was attributed to an increased barrier in the torsional poten-
tial. This problem has been treated in some detail by di Lauro
et al.43,35 In particular, they showed that the torsional split-
ting in those degenerate states is the combined effect of the
torsional motion itself plus the interaction between pairs of
degenerate vibrations from top and frame fragments. The
torsional splitting is especially sensitive to those interactions
when the Coriolis zz constant is close to 20.5, the value
where the torsional splitting tends to zero and changes sign,
going from E1d /E2d description to a E1s /E2s one. The n8
and n11 modes ~HCH bendings! have zz constant ;20.3.
Thus, they conclude43,35 that the observed small splitting in
FIG. 12. Raman transitions for the n9→(n812n4) band. For the notation of
vibrational–torsional–rotational energy levels and z-Coriolis splittings see
the text and caption to Fig. 2.Downloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject to(n111n4) does not necessarily require an increase of the
barrier, but can be due to the top/frame vibrational interac-
tions, and the same can be said of the torsional combinations
n81nn4 . This also could be the reason for the large change
in the Coriolis zz constant in n8 from the fundamental state
~20.3025! to two quanta torsional excitation ~20.099!. It
must be stressed that the Coriolis zz constants in ethane pose
an unsolved question, as recognized time ago,44 since they
do not satisfy the sum rule
(
Eg ,Eu
z i
z5B/2A , ~47!
for molecules with internal rotation.29,45
F. n7E1d, n8E1d, and n9E1d fundamental bands
Finally, the strong IR perpendicular bands n7 , n8 , and
n9 , deserve some comment. Contrary to what is expected
from a superficial reading of the symmetry properties of the
polarizability tensor in the character table of G36
1 group,27 the
fundamental bands n7 , n8 , and n9 of ethane, of symmetry
E1d , are Raman active according to selection rules number 1
and 5 in Table III. However, the intensity of the Dk562
transitions, though depending on the non-neglegible coeffi-
cients M 7 , M 8 , and M 9 in Eq. ~29!, are weighted with
the square of the very small transition moments
^0E3sucos 3gu0E3d&, given in Table V. On the other hand, the
Dk561 transitions are missing since transition moments
^v4susin 6guv4s& are zero by symmetry.
In summary, n7(E1d), n8(E1d), and n9(E1d) bands,
though permitted by symmetry in the Raman spectrum of
floppy ethane, may be expected to be exceedingly weak. In-
deed, no evidence of these bands has been found under the
present experimental conditions. But, this is not the case
when the torsional potential barrier is much smaller, like in
CH3CCCH3 , as commented below.
IV. CONCLUDING REMARKS
We have shown the detailed selection rules for the
Raman-active transitions in C2H6 from the ground state to a
degenerate vibrational state, and between two degenerate vi-
brational states. In both cases, a complex structure of the
rotational–torsional energy levels is involved. The Raman
spectra of some bands of C2H6 concerning these transitions
have been recorded with probably the best sensitivity avail-
able today. Spectra are reported for the three fundamental
bands n10 , n11 , and n12 , plus the degenerate combinations
n71n4 , (n81n11)(E), and the difference (n812n4)2n9
involving two degenerate states.
In the case of the intense n10 and n11 bands, spectra have
been also recorded at temperatures in the range 13–80 K in
supersonic expansions of both pure C2H6 and mixtures with
He. From these cold spectra the band origins have been un-
ambiguously determined, as well as several molecular con-
stants. The combinations n71n4 and (n81n11)(E) have
been assigned for the first time on the basis of the spacing of
the prominent O ,SQK peaks, and the Coriolis zz constants
determined. The analysis of the region of the n12 fundamen-
tal band have allowed to measure the z12
z constant, to date AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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However, the strongest feature in this region has been shown
to be (n812n4)2n9 , a ~difference! totally symmetric band
between two degenerate vibrational states, one of them with
two quanta of torsional excitation.
Though current resolution has not been enough to reveal
the efect of the torsional splittings in the recorded spectra,
the theoretical background explained in the first part of the
present paper will become essential to interpret higher reso-
lution Raman spectra of the degenerate bands of ethane, in
an analog way to those of the totally symmetric n3 and ‘‘
n11resonances’’ bands.5,16 In the case of (n812n4)2n9 ,
the lack of these splittings, for a state with two quanta of
torsional excitation, is a somewhat unexpected result. This,
together with previous evidence from the literature, suggests
strongly that the torsional motion in the degenerate vibra-
tional states is more complex than in nondegenerate states.
The introduction of a torsionally dependent polarizabil-
ity tensor allows one to reconcile the apparent contradiction
of the Raman activity of the degenerate modes in going from
D3d to G36
1 symmetry groups: the G36
1 ~floppy! model of
ethane, a more accurate description, seemed to lose one com-
ponent of the degenerate Raman vibrations in ethane, while
the actual spectra show basically ‘‘D3d-like’’ bands, i.e.,
whith two components. The operator responsible for the lost
component has a sin 3g torsional dependence; in turn, the IR
active vibrations become Raman allowed through operators
with torsional dependences of the form sin 6g and cos 3g.
This also allows one to trace a conceptual transition from a
D3d description to a G36
1 one, through the Raman intensity of
the degenerate modes: in ethane, where the torsional poten-
tial barrier is moderately high, the transition moments of the
torsionally dependent operators between torsional levels
within the potential well are .1 if Dv450 for the Raman
modes, while for the IR modes they are ;0 when Dv450
and become only significantly different from 0 when Dv4
561. As a result of the floppiness, part of the intensity of
the Dk562 component of D3d ethane ‘‘leaks’’ into the IR
vibration ~appropriately combined with a change in the tor-
sional excitation!; the lower the barrier the greater the inten-
sity transfer. In the limit case of D3h eclipsed ethane, all the
Raman intensity of the Dk562 component occur with the
E1d ‘‘IR’’ mode.
A similar effect can be conceived for the IR intensity,
through the torsional dependence of the dipole moment, but
in this case no intensity is transferred from the E1d IR-active
mode to the E2d Raman-active one ~to the same level of
approximation!. For the E1d vibration the dipole moment
m61
(1) has a constant term plus a cos 6g dependence, while for
the E2d vibration it has a sin 6g modulation. This leads to a
transition moment that vanishes by symmetry for the Dv4
50 transitions, and no intensity will be observed in the IR
spectrum for transitions to the levels of the Raman funda-
mental bands. Actually, to our knowledge, no weak absorp-
tion in the IR spectrum of C2H6 have been observed that
could be attributed to the Raman modes n10 , n11 , or n12 .
The Raman-active vibrations become allowed in the IR in
the form of combinations or differences with the torsion, but
in this case the intensity comes from higher order terms, theDownloaded 24 Jan 2003 to 161.111.20.5. Redistribution subject toequivalent to the gi’s in Eqs. ~22! and ~25!, and thus no
straightforward relation between the intensity of the IR fun-
damental band and that of the Raman combination can be
derived.
Finally, it is also interesting to comment briefly on the
case when the torsional motion is almost free, like in dim-
ethylacetylene. This problem was already studied by Bunker
and di Lauro,46 though from a different point of view. This
situation can be considered as intermediate between the two
limiting cases of staggered (D3d) and eclipsed (D3h) models
of ethane. Being closer to a free rotation than to a torsional
oscillation, the transition moments in Table V of the torsional
operators responsible for the Raman intensity are not as
clearly defined ~close to 0 or 1 depending on the value of
Dv4) as in ethane, but a lot of them will be significantly
different from 0, independently of Dv4 . The intensity of the
Dk562 Raman transitions is expected to be split, in com-
parable amounts, between the two E1d and E2d modes, and
the E1d IR-active mode will be observed in the Raman spec-
trum ~though with different rotational selection rules than in
the IR!, mixed with the close-lying E2d Raman-active mode.
As a result, the high resolution Raman spectrum of
dimethylacetylene46 is far more complex than in ethane.
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